Abstract: Previous studies have shown that the drying shrinkage of recycled aggregate concrete (RAC) is greater than that of natural aggregate concrete (NAC). Drying shrinkage is the fundamental reason for the cracking of concrete, and tensile creep caused by the restraint of drying shrinkage plays a significant role in the cracking because it can relieve the tensile stress and results in the delay of cracking occurrence. However, up till now, all research has been focusing on the compressive creep of RAC. Therefore, in this study, a uniaxial restrained shrinkage cracking test was executed to investigate the tensile creep properties caused by the restraint of drying shrinkage of RAC. The mechanical properties, such as compressive strength, tensile splitting strength, and Young's modulus of RAC were also investigated in this study. The results confirmed that the tensile creep of RAC caused by the restraint of shrinkage was about 20-30 % larger than that of NAC.
Introduction
As vast amounts of waste materials produced during the demolition of concrete structures create environmental pollution, recycling of construction wastes offers a practical alternative to protect the environment (Enad et al. 2013) . Therefore, the use of concrete containing demolished concrete material is an important issue for reducing the environmental load. Because aggregate takes up nearly 70 % of concrete volume, the use of coarse recycled aggregate as a partial replacement for natural aggregate in the manufacturing of concrete has become a common practice. This concrete is called recycled aggregate concrete (RAC) .
To encourage the usage of construction waste materials, many researchers have executed research on the mechanical characteristics of recycled aggregate (Soares et al. 2014a; Tavakoli and Soroushian 1996a; Valeria 2010 ) and the durability of recycled aggregate (Bravo et al. 2015; Ryou and Lee 2014; Sherif et al. 2015; Soares et al. 2014b) . According to the studies of Domingo et al. (2009) , Gholamreza et al. (2011) , Rasiah et al. (2012) , Tavakoli and Soroushian (1996b) , and Xiao et al. (2014) , the drying shrinkage of RAC is larger than that of NAC.
The drying shrinkage is the fundamental reason for the cracking of concrete, and cracks occur when the tensile stress caused by the drying shrinkage exceed the tensile strength of the concrete (Tao et al. 2012) . Tensile creep plays a significant role in cracking of concrete because it can relieve the tensile stress and results in the delay of cracking occurrence (Garas et al. 2009 ). However, up till now, all research has been focusing on the compressive creep of RAC (Domingo et al. 2009; Gholamreza et al. 2011; Xiao et al. 2014) .
Therefore, in this study, a uniaxial restrained shrinkage cracking test was executed to investigate the tensile creep properties caused by the restraint of the drying shrinkage of RAC. In a uniaxial restrained shrinkage cracking test, specimens were designed to generate cracks caused by the restraint of drying shrinkage. These specimens were also used to investigate tensile stress, tensile creep, and cracking age. The mechanical properties of RAC, such as compressive strength, tensile splitting strength, and Young's modulus, were also investigated in this study.
Experimental Program

Mixture Proportions and Materials
Two different water-to-cement (w/c) ratios of 0.65 and 0.45, and types of coarse aggregate were used to create four different concrete mixtures. In Korea, when recycled aggregates are used for concrete, the design strength of 21-27 MPa is recommended (KMCT, 2005) . However, to encourage the usage of recycled aggregates, the design strength of concrete larger than 27 MPa is included in this research.
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2) Table 1 shows a list of the concrete mixture proportions. The reference mixture made of 100 % natural aggregate is denoted by NC and the mixture made of 100 % coarse recycled aggregate is denoted by RC. The recycled coarse aggregate was added to the mixture after soaking in water, under conditions comparable to saturated surface-dry conditions. Ordinary Portland cement (specific surface area: 3300 cm 2 /g, specific gravity: 3.16) was used, and superplasticizer was added to the mixture. The slump and air content of all concrete mixtures satisfied the target values (slump: 18 ± 2.5 cm, air content: 4.5 ± 1.5 %). Table 2 shows the physical properties, such as density of saturated surface dry, dry density, absorption ratio, and fineness modulus, of coarse recycled aggregate and natural aggregate. According to Korean Standards (KMCT 2005) , the absorption rate of coarse recycled aggregates should be smaller than 3 %, so the coarse recycled aggregates with the absorption rate of 2.5 % are used for the mixture. Figure 1 shows the size distribution of coarse aggregate. Figure 2 shows the shape of the uniaxial restrained shrinkage cracking specimen of JIS A 1151 (2002) that was used to investigate shrinkage cracking characteristics. In this specimen, the concrete is restrained by restraint steel (100 9 40 9 40 mm, thickness: 2.3 mm, sectional area: 397 mm 2 ) and is subjected to direct tensile stress due to the restraint of volume change caused by drying shrinkage. Cracking occurs when the tensile stress of steel is larger than that of the concrete. A prism with dimensions of 100 9 100 9 400 mm was made for studying the drying shrinkage. A cylinder with 100 mm diameter and 200 mm height was made for investigating the mechanical properties of concrete, such as, compressive strength, Young's modulus, and splitting tensile strength. Three specimens for each concrete mixture were produced for the uniaxial restrained shrinkage cracking test and these specimens were denoted by URSC 65-NC-1, URSC 65-NC-2, URSC 65-NC-3, URSC 65-RC-1, URSC 65-RC-2, URSC 65-RC-3, URSC 45-NC-1, URSC 45-NC-2, URSC 45-NC-3, URSC 45-RC-1, URSC 45-RC-2, and URSC 45-RC-3, respectively.
Shape and Kind of Specimens
Testing Methods
All specimens were demolded after a day, moist-cured for 7 days, and then exposed to air. They were stored in a controlled environment, temperature of 20 ± 1°C and relative humidity of 60 ± 5 %. The uniaxial restrained shrinkage cracking tests and drying shrinkage tests were started after 7 days and conducted in accordance with JIS A Table 3 shows the mechanical properties, such as compressive strength, tensile splitting strength, and Young's modulus, of the concrete specimens with 7, 14 and 28 days of curing. Each test results were shown in an average of the results of three specimens. The compressive strength and splitting tensile strength of 65-RC specimens containing coarse recycled aggregate at 28 days showed a decrease of about 20 % and about 10 %, respectively, compared to those of 65-NC specimens containing 100 % natural aggregate. The Young's modulus of 65-RC specimens at 28 days was about 10 % smaller than that of 65-NC specimens. Similar results were also observed for 45-RC and 45-NC specimens at 28 days. Low density and high water absorption and porosity, mainly caused by the heterogeneous nature of recycled aggregate, can lead to low quality concrete (Khaleel and Kypros 2013) . Figure 3 shows the free drying shrinkage strain e free across the specimens. The results of each drying shrinkage test were shown in an average of the results of three specimens for each concrete mixture. In w/c = 65 % concrete, the drying shrinkage of RC specimens at 60 days was about 20 % larger than that of NC specimens, and in w/c = 45 % concrete, the drying shrinkages of NC specimens and RC specimens were almost the same. In AIJ (2003), to ensure the quality of drying shrinkage the maximum shrinkage should be smaller than 800 le. All the specimens tested satisfied this quality control regulation. Figure 4 shows the restrained shrinkage strain, e r , of the uniaxial restrained shrinkage cracking specimens (the first specimen out of the three specimens for each concrete mixture, URSC 65-NC-1, URSC 65-RC-1, URSC 45-NC-1, and URSC 45-RC-1) and the free drying shrinkage, e free (see Fig. 3 ), of concrete. The restrained shrinkage strains, e r , of concrete and restraint steel were almost identical. The cracking age of each specimen was determined based on the point where the sudden change in restrained shrinkage occurred. Table 4 presents the cracking age. Within the specimens with the same w/c ratio, there was no significant difference in cracking age between NC specimens and RC specimens.
Results and Analysis
Mechanical Properties of Concrete
Drying Shrinkage
Histories of Tensile Stress
The tensile stress of concrete was obtained using Eq. (1) based on the force equilibrium between the restraint steel and concrete. Figure 5 shows the behavior of tensile stress of concrete from the uniaxial restrained shrinkage cracking test. These tensile stress results were shown in an average of the results of three specimens for each concrete mixture. For example, the results of 65-NC were an average of the results of the specimens URSC 65-NC-1, URSC 65-NC-2 and URSC 65-NC-3. The tensile stress behaviors between these three results were similar to each other. The results of the specimens with other concrete mixtures, 65-RC, 45-NC, and 45-RC, were also shown in Fig. 5 . The tensile stress of all concrete mixtures almost linearly increased with time. Regardless of the w/c ratio, the tensile stresses of RC specimens showed about 10 % reduction with time compared to those of NC specimens. Behavior like this was observed since the stress relaxation of RAC is expected to be larger than that of NAC.
where E s is the elastic modulus of restraint steel, e r is the restrained shrinkage strain, A s is the sectional area of the restraint steel, and A c is the sectional area of concrete. Figure 6 shows the conceptual diagram of tensile strain of concrete of the restrained shrinkage specimen. Since the restrained tensile strain, e t , is defined as the sum of the elastic strain, e e , and the tensile creep strain, e c , according to previous studies (Kanda 2005; Shima and Ichikawa 2009) , the tensile creep strain can be obtained from Eq. (2). The elastic strain, e e , for Eq. (2) was obtained by using the tensile stress of concrete from Eq. (1) and the Young's modulus from the approximate regression equation shown in Fig. 7 based on measured Young's modulus shown in Table 3 . Figure 8 shows the behavior of tensile creep, found from Eq. (2), of concrete occurred in the restrained shrinkage specimens. The tensile creep of specimens with w/c = 65 % was larger than that of specimens with w/c = 45 %. For specimens with w/ c = 65 %, the tensile creep of concrete of RC was about 30 % larger than that of NC. For specimens with w/ c = 45 %, after 17 days, the tensile creep of concrete of RC was about 20 % larger than that of NC. According to previous studies (Domingo et al. 2009; Gholamreza et al. 2011; Xiao et al. 2014) , for compressive creep, the creep deformation of RAC is 20-60 % larger than that of NAC. Based on the results of this study, for tensile creep due to restraint of shrinkage, the creep deformation of RAC is 20-30 % larger than that of NAC. Although the tensile strength of the concrete with recycled aggregates is smaller than that of the concrete with natural aggregates, the cracking age was similar to each other, since the stress relaxation of the concrete with recycled aggregates caused by tensile creep is larger than that of the concrete with natural aggregates.
Histories of Tensile Creep
where e c is the tensile creep strain, e free is the free drying shrinkage, e e is the elastic strain and e r is the restrained shrinkage strain.
Conclusion
In this study, a uniaxial restrained shrinkage cracking test was carried out to investigate the tensile creep properties caused by the restraint of drying shrinkage of RAC. The mechanical properties of RAC, such as compressive strength, tensile splitting strength, and Young's modulus, were also investigated. All the conclusions drawn from this research are limited to coarse recycled aggregates with the absorption rate of 2.5 % and should be used with caution due to the limited number of mixes tested. The study results are summarized as follows:
(1) For both w/c = 65 % and w/c = 45 % concrete, the compressive strength and splitting tensile strength of RC specimens containing coarse recycled aggregate at 28 days showed a decrease of about 20 % and about 10 %, respectively, compared to those of NC specimens containing 100 % natural aggregate at 28 days. (2) In w/c = 65 % concrete, the drying shrinkage at 60 days of RC specimens was about 20 % larger than that of NC specimens. In w/c = 45 % concrete, the drying shrinkages of NC specimens and RC specimens were almost the same. (3) The tensile stress of all concrete mixtures almost linearly increased with time, and the tensile stress of RC specimens showed about 10 % reduction compared to that of NC specimens. (4) According to previous studies, for compressive creep, creep deformation of RAC is 20-60 % larger than that of NAC. Based on the results of this study, for tensile creep due to restraint of shrinkage, the creep deformation of RAC is 20-30 % larger than that of NAC. (5) For cracking age, if the specimens have the same w/c ratio, the difference between NC specimens and RC specimens was very small. Although the tensile strength of the concrete with recycled aggregates is smaller than that of the concrete with natural aggregates, the cracking age was similar to each other, since the stress relaxation of the concrete with recycled aggregates caused by tensile creep is larger than that of the concrete with natural aggregates.
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